Nickel is one of the most commonly used catalysts for the growth of carbon nanofibers (CNFs) by catalytic chemical vapor deposition (CVD). Nevertheless, the chemical state of nickel catalyst, which may be metallic nickel (Ni), nickel subcarbide (Ni 3 C 1-x ) and nickel carbide (Ni 3 C) during the growth process of CNFs, remains a longstanding issue. We report here the catalytic growth of CNFs by CVD at temperatures ranged from 300 to 600 o C. It is demonstrated that the nickel catalyst has different chemical states during the catalytic growth,
Introduction
Catalytic chemical vapor deposition (CCVD) has been a widely used approach for industrial production of carbon nanofibers/nanotubes (CNFs/CNTs) due to its low cost, high yield and ease of scale-up. [1] [2] [3] [4] However, some longstanding and fundamental problems about this method have not yet be clarified, such as the state of the catalysts. [1, 2] In the early 1970s, Baker and co-workers proposed that the formation of CCVD-grown CNFs was induced by the liquid catalyst, [5, 6] and thus triggered the important issue about the state of catalysts, including both physical and chemical states. [1, 7] To date, with the aid of the advanced in situ characterization techniques, some general agreements on the physical state, i.e. liquid state or solid state, of the catalyst have been achieved. For example, in situ transmission electron microscopy (TEM) confirmed that the Ni particles in a crystalline state could also induce the growth process of CNTs. [8] The recent in-situ Raman analyses also revealed that CNTs could grow from both solid and liquid catalyst Fe, depending on the growth temperature. [9] The debate on the chemical state of catalysts was originated from the argument in 1980s that the deviation of C equilibrium during the growth process of CNFs could be attributed to the formation of the metastable carbides, Ni 3 C or Ni 3 C 1-x . [7, [10] [11] [12] However, the validity of such a carbide-assisted mechanism has been strongly questioned in the past. Because some early experimental results and analyses [13, 14] suggested that carbides should not be active catalysts for the formation of CNFs, and moreover, the convincing evidence for carbide-assisted mechanism was absent until very recent years. The direct evidence for carbide-assisted growth was firstly given by in situ TEM observation that Fe 3 C was able to induce the growth of CNFs at the temperatures of 600 -700 o C. [15, 16] After that, comparative ex situ TEM analyses also demonstrated that both Fe and Fe 3 C could induce the catalytic growth of CNFs. [17] M A N U S C R I P T
Ni is one of the most common catalysts used for the growth of CNFs/CNFs. The chemical state of Ni catalyst exists as metallic Ni during the catalytic growth of CNFs/CNTs at the temperatures of above 500 o C, which has been well demonstrated by both in situ TEM and XPS characterization. [8, 18, 19] However, the possibility of Ni 3 C-assisted growth of CNFs/CNTs at temperatures of below 500 o C still cannot be ruled out. In fact, some earlier theoretical research has predicted that the surface carbide, Ni 3 C, could induce the growth of CNFs at temperatures of below 400 o C, [20] which was significantly lower than the common Ni-catalytic growth temperatures of above 500 o C.
In our recent work, we successfully synthesized CNFs at 300 o C by metal-organic CVD, and demonstrated that the Ni catalyst appeared as Ni 3 C, instead of metallic Ni during the catalytic growth process. [21] It is known that metastable Ni 3 C is sensitive to the environmental temperature and decomposes totally at temperatures of above 500 o C. [22] It is therefore quite reasonable to expect that the chemical state of Ni catalyst will be dependent on the growth temperature. In this work, we systematically investigate the chemical state of Ni catalyst at the catalytic growth temperatures ranged from 300 to 600 o C, and find that the chemical state of Ni catalyst might shift from Ni 3 C to Ni-Ni 3 C 1-x , and finally to metallic Ni as the increase of the growth temperature.
Experimental Details
CNFs were synthesized by metal-organic CVD in a horizontal tube furnace. Nickel(II) acetylacetonate (Ni(acac) 2 , Aldrich Chemical Co., 95%), as the precursor, was loaded in the quartz tube that was located at the upstream of the furnace with a temperature of 150 o C. The 
Results and Discussion

Morphological and structural characteristics of CNFs
The phase compositions of the products synthesized at different temperatures were examined by XRD, as shown in Figure 1 . It is seen that the main diffraction peaks of the product obtained at 300 o C are located at 39. The TEM examination revealed that the CNFs had a bi-directional structure with a catalyst particle in the middle, as shown in Figure 2 common (111) twins in fcc-Ni, [32] [33] [34] unlike those observed in Figure 3 . The detailed TEM analyses also revealed that a different crystalline structure exists around the edge of the diamond-shaped Ni-particle, as shown in Figure 4 The morphology and structure of the CNFs at 600 o C are similar to those obtained 500 o C, though rare defects can be detected within the catalytic particles, as shown in Figures 5(a) and 5(b). Detailed TEM analyses confirmed that the catalytic particle was pure fcc-Ni, and no other phase could be detected at the edge of the catalyst particles. This is also supported by the EDS result that no elemental O could be detected in catalytic particles (not shown here) and no nickel oxides could be detected by XRD (Figure 1 ). (Figure 6(a) ). On the other hand, the tip angle of the diamond-shaped catalyst particle become sharper with the increase of the growth temperature from 400 to 600 o C, the angle between the C layers and growth direction of the corresponding CNF is thus become smaller, as shown in Figures 6(b) -6(d) .
Growth mechanism of CNFs
It is generally argued that the observed Ni 3 C or Ni 3 C 1-x nanoparticles might be formed from the metallic Ni during the cooling process, rather than the "true catalytic particle" for the growth of CNFs. [35] In our experiments, provided that the observed nickel carbide in the samples obtained at temperatures of 300 to 500 o C was generated during cooling, it should also exist in the samples that were cooled down from 600 o C, because all samples were cooled at the same rate, and the catalytic particles at the 600 o C should have a higher solubility of C. [35, 36] As the temperature ceiling for metastable Ni 3 C is ~ 500 o C, and no nickel carbide is detected in the catalytic particles obtained at 600 o C. It is reasonable to conclude that the observed nickel carbide should be generated at the initial stage of the synthesis and assist the growth of the CNFs, but not generated during the cooling process.
According to the C-Ni phase diagram, [37] there are no stable carbides in the C-Ni system, but the metastable carbide, Ni 3 C, can exist at a temperature up to ~ 1000 o C. However, the phase transitions in C-Ni nanoscale system are quite different the bulk counterpart. [38] Itoh and Robert detected a weak broad peak below 500 o C when characterizing the Ni-C nanostructure by differential scanning calorimetry, and then confirmed that the thermal decomposition of metastable Ni 3 C started at 300 o C and accomplished at ~ 500 o C using in-situ annealing in a TEM. [39] Similar phase transitions for Ni-C nanoscale system were later also observed by some other groups, and also well consistent with our XRD and TEM results. [22, 28, 30, 31, 40] It is therefore reasonable to presume that the chemical state of Ni catalyst should be Ni 3 C at M A N U S C R I P T
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12 300 o C, and then shift to Ni-Ni 3 C 1-x composite at 300 to 500 o C, and eventually transform into the common metallic Ni at temperatures higher than 500 o C. More detailed processes of the catalytic growth process at different temperature are sketched as follows (Figure 7) .
The growth of the CNFs obtained at 300 o C, as suggested in the our previous work, is controlled by the Ni 3 C-assisted mechanism with the following basic steps (Figure 7a ). [21] (1) Decomposition gaseous precursor Ni(acac) 2 and formation of Ni atomic-clusters and C-contained gases. [41, 42] (2) Formation of Ni 3 C nanoparticles due to the aggregation of Ni 3 C molecule-clusters generated by the catalytic reaction between the pre-formed Ni clusters and C-contained gases. [43] (3) Nucleation of C layers on the surface of Ni 3 C nanoparticles due to the thermal decomposition of Ni 3 C molecules. [30, 44] (4) Growth of CNFs from Ni 3 C nanoparticles due to the continuous decomposition-formation cycle of Ni 3 C molecules. [45, 46] It should be noted that the concept of carbide cycle is based on the previous in-situ TEM observation that the formation and decomposition of metastable Ni 3 C could simultaneously take place at different parts of the Ni-C film at about 300 o C. [39] The growth of CNFs obtained at the temperatures ranged from 300 to 500 o C is presumed to be induced by the composite-assisted mechanism with the following fundamental process ( Figure 7b ). (1) The gaseous precursor Ni(acac) 2 was thermally decomposed and Ni atomic-clusters and C-contained gases were formed. (2) Ni-Ni 3 C 1-x -C composite nanoparticles [27, 28, 47] were formed from the aggregation of Ni 3 C 1-x molecule-clusters and small Ni-C clusters, which were generated by the catalytic reaction between the pre-formed Ni atomic clusters and C-contained gases. It should be noted that the existence and the detailed chemical state of Ni 3 C 1-x considerably rely on the temperature and the atmosphere in a specific reaction, [48, 49] and Ni within the composite nanoparticles was established. (4) CNFs were grown continuously from metallic Ni/C interfaces. [50, 51] In this step, C atoms were firstly adsorbed onto the surface of Ni 3 C 1-x exposed to the atmosphere. Then, they were dissolved into Ni 3 C 1-x and further diffused through the interface between Ni 3 C 1-x and Ni, due to driving force from the huge concentration gradient at the interface. Eventually, C atoms were precipitated from the Ni/C interface, thus leading to the growth of CNFs. The formation of CNFs generated above 500 o C was believed to be governed by the well-known dissolution-precipitation process of C atoms through the metallic Ni particles, as illustrated in Figure 7 (c). [51] [52] [53] The temperature ceiling of ~ 500 o C for the existence of metastable Ni 3 C is well accepted, though the thermal decomposition of Ni 3 C is also dependent on the specific atmosphere. [22] This is also supported by our XRD and TEM results that the catalyst particles are metallic Ni. Moreover, the Ni-catalyzed mechanism is consistent with the in situ TEM observation that the catalyst was metallic Ni at the temperatures above 500 o C.
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 14 The differences in the chemical states and shapes of the catalyst particles have an obvious effect on the morphology of the CNFs, although all CNFs are basically coiled. The coiled morphology can be intuitively attributed to the asymmetric supply of C atoms during the catalytic growth of CNFs, but is essentially controlled by the asymmetrical morphology and structure of the catalyst particles. At 300 o C, the diameters of the CNFs are much smaller than those of the corresponding catalyst particles, and the CNFs normally do not initiate from the centers of the corresponding flat Ni 3 C surfaces (Figure 2(b) ). This will lead to the significant difference in the C supply at the CNF/Ni 3 C interfaces along different directions. As a result, the CNFs are heavily coiled. At temperatures above 300 o C, carbide is asymmetrically located at the side edges of the catalyst particles. With the increase of the temperature, the content of carbide decreases gradually, and the carbide tends to distribute symmetrically at the side edges ( Figures   3(b) and 4(b) ). In addition, the catalytic particles usually do not have a symmetrical diamond-like shape. The as-grown CNFs are therefore also coiled, but are relatively straighter than those at 300 o C. At 600 o C, no trace of carbide could be detected in the catalyst particles, but the diamond-shaped Ni catalyst particles are still asymmetrical ( Figure 5(b) ). This will definite affect the symmetric supply of C atoms, and thus the CNFs remain coiled to some extends, but are much straighter than those obtained at 300 to 500 o C.
Conclusion
The CNFs were synthesized by use of catalytic CVD at temperatures ranged from 300 to 600 o C. It was found that the chemical state of Ni catalyst was dependent on the growth temperature, 
